The electronically excited states of the Si(100) surface and acetylene, benzene, and 9,10-phenanthrenequinone adsorbed on Si(100) are studied with time-dependent density functional theory. The computational cost of these calculations can be reduced through truncation of the single excitation space. This allows larger cluster models of the surface in conjunction with large adsorbates to be studied. On clean Si(100), the low-lying excitations correspond to transitions between the π orbitals of the silicon-silicon dimers. These excitations are predicted to occur in the range 0.4-2 eV. When organic molecules are adsorbed on the surface, surface f molecule, molecule f surface, and electronic excitations localized within the adsorbate are also observed at higher energies. For acetylene and benzene, the remaining ππ* excitations are found to lie at lower energies than in the corresponding gas-phase species. Even though the aromaticity of 9,10-phenanthrenequinone is retained, significant shifts in the ππ* excitations of the aromatic rings are predicted. This is in part due to structural changes that occur upon adsorption.
Introduction
The silicon (100) surface is one of the most extensively studied systems in surface science and it has been the focus of a very large number of theoretical and experimental investigations. References 1-12 provide illustrative examples of this work. In addition to being a system of fundamental chemical interest, the Si(100) surface also plays a critical role in the processing of microelectronic devices. In recent years, there has been increasing interest in organic molecules covalently bonded to the surface. The combination of organic molecules and the Si(100) surface opens up the possibility of integrating the wide variety of functionalities of organic molecules with existing microelectronics technology. This has many potential applications, such as molecular electronics and chemical sensors. [13] [14] [15] The Si(100) surface undergoes a characteristic (2 × 1) reconstruction in which adjacent atoms pair, resulting in rows of SidSi dimers. Multireference configuration interaction calculations have estimated the energy gain from dimer formation to be 1.75 eV. 16 There has been some debate over if these dimers are "symmetric" or "buckled". Spectroscopic data supported buckled dimers. [17] [18] [19] [20] [21] Scanning tunneling microscope (STM) experiments at room temperature indicated symmetric dimers, 22 while STM images at low temperatures showed buckled dimers. 23, 24 Currently, it is thought that the dimers are buckled, but at room temperature oscillation between the two buckled structures will occur at a frequency beyond the time resolution of STM experiments. However, recent STM images at very low temperatures predict the symmetric dimer with asymmetric dimers observed only near defects. 24 Among theoretical groups there has also been considerable debate regarding this issue. [25] [26] [27] [28] A recent paper has clarified many of the technical arguments. 28 Density functional theory (DFT) and quantum Monte Carlo calculations predict the buckled structure to be the lowest in energy, while multireference wave function methods favor the symmetric structure. Furthermore, restricted DFT calculations find the symmetric structure to be a saddle point, while spin-unrestricted calculations find the symmetric structure to be a minimum (although higher in energy than the minimum corresponding to the buckled structure). However, a full resolution of this problem has yet to be achieved, since these calculations are based largely on finite models of the surface.
The SidSi double bonds of the Si(100) surface are much weaker than CdC double bonds or molecular SidSi double bonds. These weak bonds make the surface reactive toward the adsorption of molecules because stronger bonds are formed, resulting in an energetically favorable process. 29 Theoretical studies of a wide range of organic molecules, such as acetylene, 10 ethene, 30 benzene, 6, 11, 31 acrylonitrile, 8 and thiophene, 32 have been reported. In general, previous work has focused on the ground state of the adsorbed molecule, characterizing geometries and evaluating binding energies. Recently, we have begun to study the excited states of molecules adsorbed on surfaces. 33, 34 Electronic excitations play an important role in surface science. They can be used to promote chemical reactions or photodesorption. Furthermore, the characterization of the structure of surfaces and adsorbed monolayers is a fundamental challenge. The study of excited states also provides valuable information that can assist in the characterization of an organic surface layer. 35 The lowest lying (triplet) excited state of the Si(100) surface has been studied by using DFT with the B3LYP exchange correlation functional and 6-311+G* basis set. 36 The energy difference between the optimal ground-state structure and optimized triplet state structure was found to be 0.34 and 0.38-0.40 eV for the Si 9 H 12 and Si 21 H 20 clusters, respectively. The vertical excitation energy was reported to be 0.79 eV for a single dimer cluster model. The results from DFT were shown to be consistent with predictions from complete active space selfconsistent field with second-order perturbation theory. 36 It was concluded that the energy difference between the two states was sufficiently small for a significant population of the upper state under common conditions. The optical absorption spectra of hydrogenated silicon clusters have also been studied. The interest in these systems arises from their role as a prototypical model for quantum-confined semiconductor systems. Time-dependent density functional theory (TDDFT) and the Bethe-Salpeter equation were applied to study a range of cluster sizes. For larger clusters, the methods gave similar gross features, although very different results were obtained for the smallest (SiH 4 ) cluster. 37 Reflectance anisoptropy (or difference) spectroscopy (RAS or RDS) measures the relative difference in the reflectances of two orthogonal crystallographic axes of a surface, and is a valuable tool for characterizing the surfaces of crystalline materials. 38 The structure of the Si(100) surface has been studied with RDS. [39] [40] [41] [42] For the bare Si(100) surface, features in the RDS spectra below 2 eV are associated with electronic transitions of the SidSi dimers. 40 The use of RDS to study thin organic layers is an emerging area of research. The first observation of intramolecular transitions of adsorbed molecules in RDS was reported in a study of 9-anthracene carboxylic acid on Cu(110). 35 Recently, Hacker and Hamers have studied the RDS of organic molecules adsorbed on the Si(100) surface. 43 The RDS spectra of a 9,10-phenanthrenequinone monolayer had a strong band at 5.2 eV that was absent in the corresponding spectra for 1,2-cyclohexanedione. This feature was assigned to a ππ* transition within the 9,10-phenanthrenequinone molecule. Recent calculations have questioned this assignment, and assign this feature to adsorption-induced distortions of the substrate. 44, 45 Understanding RDS spectra requires a correspondence between spectral features and the underlying electronic transitions. Consequently, theoretical calculations of the excited states of adsorbed molecules can play an important role in the interpretation of RDS spectra. Furthermore, these calculations can identify suitable molecules with intramolecular transitions within the 1.5-5.5 eV energy range accessible to the technique. 35 In this paper, we demonstrate how quantum chemistry can be applied to study the excited states of the Si(100) surface and adsorbed organic layers. This represents a first principles determination of the electronic spectra of these systems. Our calculations employ a recently developed TDDFT formalism 33 and use cluster models of the Si(100) surface. We report calculations of the bare Si(100) surface and ethyne, benzene, and 9,10-phenanthrenequinone adsorbed on the Si(100) surface. Electronic excitations that are charge transfer in nature, in addition to local surface and adsorbant excitations, are characterized and the implications for reported RDS measurements of organic layers discussed.
Computational Details
TDDFT provides an accurate prediction of excitation energies and oscillator strengths at a relatively low computational cost. 46 Despite the computational efficiency of TDDFT, the study of the excited states of molecules adsorbed on a surface remains a challenge. This is due to bulk surface excitations that are significantly lower in energy than the valence molecular excitations of adsorbed species. Consequently, if large clusters are used to model the surface, the molecular excited states become prohibitively expensive to compute. We have recently introduced a scheme that overcomes this problem by restricting the TDDFT calculation to a subset of the single excitation space including single excitations between a subset of the occupied and virtual orbitals. 33 The selection of the orbital subsets is based on an analysis of the Mulliken populations 47 and molecular orbital coefficients for the occupied and virtual orbitals, respectively. A parameter κ i occ is defined such that where M λi is the contribution to the Mulliken population of orbital i from basis function λ. The summation runs over the basis functions centered on atoms in a defined region of the system. Thus κ i occ provides a measure of the extent that orbital i is localized in this region. All κ i occ are evaluated; if κ i occ is greater than a user defined value (between 0 and 2) then excitations from the orbital i are included in the truncated single excitation space. A similar scheme based on the normalized molecular orbital coefficients is used for the virtual orbitals.
Similarly, if κ a vir is sufficiently large, excitations to these orbitals are included. Through this method the electronic excitations within a local region of a system can be studied. This approach has been applied to the study of CO on the Pt-(111) surface 34 and its success depends on there being a weak coupling between the electronic excitations of interest and those excluded from the excitation subspace.
In this study, the extended surface is modeled by using finite clusters with open valencies capped by hydrogen. These clusters are depicted in Figure 1 . The focus of this study is the excited states of the Si(100) surface with molecular adsorbates. Fully characterized quantitative structural information of these systems from experiment is not available. Consequently, we have used structures optimized using DFT with the hybrid B3LYP exchange-correlation functional 48 and 6-31G* basis set. 49, 50 For consistency, we have also used B3LYP/6-31G* structures for the models of the bare surface. The predicted SidSi bond length in all clusters (except Si 2 H 4 ) is 2.22 Å. This is within the error of the experimental value of 2.26 ( 0.1 Å. 51 It is possible to perform more comprehensive geometry optimizations in which lower layers are frozen in bulk orientations and upper layers allowed to relax. However, such constrained optimizations have been shown to consistently give SidSi dimer bond lengths that are significantly longer than experiment. 25 The clusters we have used in this study have a symmetric dimer configuration. The subtle differences between the symmetric and buckled dimer configurations should not have a very large effect on the calculated excited states. Furthermore, once a molecule is adsorbed on the surface, it is unclear whether the surrounding SidSi dimers will be symmetric or buckled.
Excitation energies and intensities are computed with TDDFT exploiting the Tamm-Dancoff approximation 52 (TDA) implemented in the Q-CHEM software package. 53 The B3LYP functional in conjunction with the 6-31+G* basis set was used for these calculations. We have found that this combination represents a good compromise between accuracy, computational cost, and stability with respect to convergence of the selfconsistent field calculation. For the acetylene system, the sensitivity to basis set is explored in more detail. TDDFT with the B3LYP functional does have well-known limitations, 54 and these are discussed in the context of the current study.
Results and Discussion
Excitations of the Si(100) Surface. The computed vertical singlet and triplet excitation energies associated with the SidSi dimers of the Si(100) surface for the different cluster models of the surface are shown in Table 1 . For Si 2 H 4 , this excitation will clearly be a ππ* transition. For the larger clusters, the corresponding orbitals remain essentially π-like in nature, with lobes predominantly above and below the SidSi dimers. These orbitals are shown for the Si 21 H 20 cluster in Figure 2 . Consequently, these excitations are also denoted ππ*. For all the cluster models studied, these excitations are the lowest in energy.
The simplest surface models Si 2 H 4 and Si 9 H 12 have one SidSi dimer, and consequently one ππ* excitation corresponding to the HOMO (π 0 ) to LUMO (π* 0 ) excitation. For singlet and triplet states, the predicted ππ* excitation energy is considerably lower (by 1-2 eV) for the Si 9 H 12 cluster. This change is likely to be associated with the increase in the SidSi bond length from 2.14 Å in Si 2 H 4 to 2.22 Å in the cluster. Excitation energies of 0.76 and 2.59 eV are predicted for the triplet and singlet states in the Si 9 H 12 cluster, respectively. The triplet excitation energy of 0.76 eV is very close to the 0.79 eV reported in earlier work. 36 Throughout this study we report vertical excitation energies. These are an upper bound to the adiabatic excitation energies. Since significant relaxation of the excited state may occur, 36 the vertical excitation energies are likely to be a few tenths of an electronvolt higher that the adiabatic values. These smaller systems are also accessible to multireference configuration interaction (MRCI) calculations. With an active space consisting of the HOMO and LUMO orbitals, MRCI in conjunction with the 6-31+G* basis set predicts excitation energies of 2.02 and 5.49 eV for the triplet and singlet ππ* excitations in Si 2 H 4 , respectively. For the Si 9 H 12 cluster, corresponding values of 0.81 and 3.05 eV are obtained. The values for the triplet state are in good agreement with the predictions from TDDFT. However, there are large differences for the singlet state. With a larger basis set, aug-cc-pVDZ, we find values of 2.09, 4.56, 0.83, and 2.92 eV for the singlet and triplet states of Si 2 H 4 and Si 9 H 12 , respectively. For the better quality basis set there is closer agreement between the MRCI values and TDDFT. The trend also suggests this agreement will improve for more complete basis sets. This gives some confidence that TDDFT provides an adequate treatment of this system.
The larger surface models have more than one SidSi dimer. The π orbitals associated with these dimers are not localized on a single dimer but are delocalized over the silicon dimers. For the Si 21 H 20 cluster, these are the HOMO (π 0 ), HOMO-1 (π -1 ), HOMO-2 (π -2 ), LUMO (π* 0 ), LUMO+1 (π* +1 ), and LUMO+2 (π* +2 ) orbitals. The computed transition energies for excitations between these orbitals are also included in Table 1 . For both triplet and singlet states there is a large reduction in the HOMO f LUMO (π 0 fπ 0 *) excitation energy compared with that of the smaller clusters. The remaining ππ* excitations lie in the range 0.5-2.25 eV. Of these excitations, some of the excitations to singlet states have significant intensity. These results are consistent with the observation in experiment of a peak near 1.4 eV in the RDS spectrum, which was attributed to the silicon dangling bonds in Si(100). 40 There is little change in the π 0 π* 0 excitation energy for the larger Si 32 H 28 cluster. This provides some indicative evidence that convergence of the excitation energies with respect to sublayers of the cluster has been achieved. The clusters used in this study involve only one row of dimers. The interactions between inter-row dimers are expected to be small since the interdimer distance is much larger than the distance between dimers in the same row. 36 Our preliminary calculations on a cluster including two dimers from adjacent rows show that the triplet and singlet π 0 π* 0 excitation energies lie at 0.82 and 1.94 eV, respectively. These are larger than those for the corresponding excitations within a dimer row. Above the ππ* excitations are a large number of σ f π* and π f σ* excitations; however, in this paper we confine our analysis to ππ*-like transitions. Acetylene Adsorbed on the Si(100) Surface. The predicted C-C and Si-Si bond lengths once acetylene is adsorbed on the surface are 1.35 and 2.34 Å, respectively. These are in agreement with the experimental estimates of 1.32-1.37 and 2.44 ( 0.58 Å. Table 2 shows computed excitation energies of acetylene adsorbed on the models of the Si(100) surface. Adsorption of acetylene on Si 2 H 4 and the Si 9 H 12 cluster saturates the SidSi double bond, and the only π orbitals remaining are those associated with acetylene. The computed triplet and singlet π C2H2 f π* C2H2 excitation energies are 4.22 and 6.31 eV, and 3.81 and 4.92 eV for Si 2 H 4 and Si 9 H 12 , respectively. For gasphase acetylene, B3LYP/6-31+G* predicts excitation energies of 5.37 and 5.90 eV for the 3 ππ* states and 7.10 and 7.20 eV for the 1 ππ* states. Furthermore, values of 4.41 and 7.83 eV are obtained for the triplet and singlet ππ* excitations of gasphase ethene. This clearly indicates that there is a significant decrease in the ππ* excitation energies on adsorption. For these systems, we have also computed excitation energies with the aug-cc-pVDZ basis set. Using this basis set, excitation energies of 4.22 and 6.24 eV for acetylene on Si 2 H 4 and 3.82 and 4.89 eV for Si 9 H 12 are obtained. The predicted transition energies obtained by using the larger basis set are within 0.1 eV of the values obtained with 6-31+G*. Since there are likely to be larger sources of error, such as the exchange correlation functional, it is reasonable to proceed with the more modest 6-31+G* basis set.
The π-like orbitals of acetylene adsorbed on the Si 21 H 20 cluster are shown in Figure 3 . The HOMO and HOMO-1 orbitals are localized on the SidSi dimers and have no contribution from acetylene. These orbitals have similar energies, with the HOMO-1 orbital 0.2 eV below the HOMO. The π orbital localized on acetylene lies significantly lower in energy, 1.9 eV below the HOMO. There is a similar pattern for the antibonding orbitals. The LUMO and LUMO+1 are localized on the SidSi dimers and the π* orbital of the acetylene is much higher in energy. The calculated π C2H2 f π* C2H2 excitation energy for acetylene on the Si 21 H 20 cluster is 5.07 eV. This is close to the computed value for the Si 9 H 12 cluster. There is a significant decrease in the predicted π C2H2 f π* C2H2 excitation energy for acetylene on the large Si 32 H 28 cluster. This shows that the excitation energies are sensitive to the cluster model. Examination of the adsorbed acetylene structure shows C-C, Si-C, and Si-Si bonds lengths of 1. It is probably unlikely that the change in excitation energy is associated with these small differences. A possible origin of this difference may be that in the larger cluster there is "surface" on only one side of acetylene.
For the two larger clusters, transitions associated with SidSi dimers and excitations between the surface and adsorbed C 2 H 2 are observed. After the adsorption of C 2 H 2 , there is an increase in the band gap, and correspondingly an increase in the remaining intrasurface π Si fπ* Si excitation energies. For the Si 21 H 20 cluster, these are predicted to lie at ∼0.65 and 1.8 eV for the triplet states and ∼1.8 and 2.15 eV for the singlet states. Excitations from the surface π Si orbitals to the π* C2H2 orbital can be identified, and are predicted to lie at 3.24 and 3.46 eV for singlet spin. The corresponding triplet states are only slightly lower in energy. Excitations from the π C2H2 orbital to the π* Si orbitals are also observed, and lie at 3.11 and 3.56 eV for singlet spin. On the larger Si 32 H 28 cluster, there is a decrease in the transition energies for these excitations. These transitions can be regarded as charge transfer in nature. For this type of transition, TDDFT can often predict excitation energies that are too low. This is a result of the local nature of the exchange correlation potential. 54 This is particularly the case for generalized gradient approximation (GGA) functionals. However, hybrid functionals, such as the one used here, do provide an improved description of charge-transfer excitations. More recent long-range corrected GGA functionals 55, 56 give a further improvement in the description of charge transfer excitations; we are currently implementing these functionals within our code. In summary, for acetylene on Si(100) our calculations predict three sets of π-like excitations. At low energies of 0.5-2 eV there are intrasurface excitations associated with the silicon dimers, above this in the range 2-4 eV are surface f acetylene and acetylene f surface charge-transfer excitations, and above 5 eV there are intra-acetylene excitations.
Acetylene is one of the smallest adsorbates of interest. While this can provide a good model system, it is desirable to study considerably larger molecules. Since the calculation of the π C2H2 f π* C2H2 excitation in the C 2 H 2 + Si 21 H 20 system is already demanding computationally, it is necessary to consider further approximations. In this paper, we adopt the approach of computing excitations within a truncated single excitation space outlined earlier. A variety of truncation schemes can be envisaged. In Table 3 excitation energies computed within a number of schemes are given. For the remainder of this paper, only singlet states are considered.
One of the most severe truncation schemes is to only include excitations from the occupied orbitals localized on the carbon and hydrogen atoms of acetylene (see eq 1). Imposing κ i occ ) 0.13 over these atoms resulted in 15 out of the 164 occupied orbitals included in the subspace. Within this scheme, excitations from the π Si orbitals are not observed. The predicted transition energies of excitations from the π C2H2 orbital are in reasonable agreement with the values computed within the full single excitation space. However, relatively large errors are introduced for the π C2H2 f π* Si excitations. Expanding the excitation space to include additional orbitals associated with the two silicon atoms bonded to carbon (denoted C 2 H 2 + 2Si) has very little effect on the computed excitation energies. Similarly, it is also possible to include only excitations from the π Si orbitals. Again, the predicted excitation energies are generally in good agreement with those calculated within the full single excitation space. However, a large error is introduced for the π Si1 f π* Si1 and π Si2 f π* Si2 excitations. These errors arise due to a strong mixing of the transitions with excitations that have been excluded in the restricted excitation space. Combining these schemes and including excitations from orbitals associated with the SidSi dimers and acetylene results in 43 out of 164 occupied orbitals included. There is a general improvement in the computed excitation energies and the large errors observed previously are reduced substantially. The predicted π C2H2 f π* C2H2 excitation energy is in error by less than 0.1 eV. The predicted oscillator strengths tend to be more sensitive to the truncation. Generally, there is an increase in the predicted oscillator strengths. Additional truncation in the virtual space (denoted C 2 H 2 + SidSi*) has little effect on the computed transition energies. Imposing these truncation schemes greatly reduces the computational cost of studying the high-lying excitations localized within organic adsorbates with the introduction of only a relatively small error, particularly when excitations from the orbitals on the adsorbed molecules and the SidSi dimers are included within the excitation subspace. Consequently, within this approach the excited states of larger adsorbates can be studied.
Benzene Adsorbed on the Si(100) Surface. The most stable structure of benzene adsorbed on Si(100) has been the subject of a number of experimental and theoretical investigations. In a recent study, much of this earlier work was summarized and a comprehensive theoretical study reported. 11 The [4+2] structure was found to be the global minimum and this binding configuration is used in the calculations presented here. We are primarily interested in the excitations between the π-like orbitals, these are shown in Figure 4 . Similar to acetylene, the HOMO-1, HOMO, LUMO, and LUMO+1 are bonding and antibonding π orbitals localized on the SidSi dimers. At lower energies, π orbitals associated with the remaining double bonds of the aromatic ring can be identified. These are denoted π 1 and π 2 and are 1.01 and 1.28 eV lower in energy than the HOMO, respectively. At higher energies are corresponding antibonding orbitals π* 1 and π* 2 .
Computed transition energies for excitations between these orbitals are shown in Table 4 . Excitation energies within two truncation schemes are shown: truncation of the occupied space a Full w no truncation; C2H2 w only excitations from orbitals localized on acetylene; C2H2 + 2Si w only excitations from orbitals localized on acetylene and the two silicon atoms to which they are bonded; SidSi w only excitations from orbitals localized on the four silicon atoms of the SidSi dimers; C2H2 + 4Si w only excitations from orbitals localized on acetylene and the four silicon atoms of the SidSi dimers; C2H2 + SidSi* w same as C2H2 + 4Si but with additional truncation in virtual space. Oscillator strengths greater than 0.01 are give in parentheses. to orbitals associated with benzene and also to benzene with the silicon atoms of the SidSi dimers. Initially we will discuss the results for truncation to the benzene and the silicon dimer orbitals. A pattern similar to the acetylene system emerges. At low excitation energies are the intrasurface π Si f π* Si excitations. These occur at approximately 1.7 and 2.2 eV. Between 2.6 and 4.7 eV are a number of molecule f benzene and surface f benzene excitations. The π excitations localized within the adsorbed benzene are predicted to lie at 4.99 and 5.48 eV. In gas-phase benzene, the lowest lying valence excited states are the 1 L b and 1 L a excitations. B3LYP/6-31+G* predicts transition energies for these states of 5.42 and 6.28 eV. Similar to acetylene, the excitation energies of the transitions of the adsorbed molecule are lower than those in the gas-phase system. The study of these excitations within the larger excitation space (including excitations from the silicon dimers) approaches the limit of the capability of a PC with 2 GB of memory. Imposing the more severe truncation scheme allows the higher lying benzene excitations to be studied more readily. Within this scheme the low-lying excitations from the silicon dimers are no longer observed. However, the predicted excitation energies of the benzene excitations are within 0.05 eV of those from the larger excitation subspace.
9,10-Phenanthrenequinone Adsorbed on the Si(100) Surface. 9,10-Phenanthrenequinone (PQ) has been shown to react with the Si(100) surface through the oxygen atoms, forming a heteroatomic ring. 57 In contrast to benzene, the aromaticity of PQ is preserved on bonding to the surface. The excited states of PQ adsorbed on Si(100) have become a subject of interest recently due to RDS experiments of Hacker and Hamers. 43 Comparison of the RDS spectrum of PQ and 1,2-cyclohexandione on Si(100) showed peaks at 3.3 and 4.2 eV arise through surface termination induced perturbation of the bulk reflectivity. Furthermore, a new feature in the spectrum at 5.2 eV was assigned to ππ* transitions within the aromatic rings of PQ. Subsequent theoretical simulation of the RDS spectrum based on plane wave GGA-DFT calculations indicated that the 5.2 eV feature does not arise from intramolecular PQ excitations. 44, 45 Both groups provide convincing arguments to support their conclusions and the nature of this transition remains unclear. Through calculation of the electronic excited states it is possible to determine in which regions of the spectrum the intramolecular and charge-transfer excitations of PQ should arise.
Our calculations are based on PQ standing vertically and bonded to the central SidSi dimer of the Si 21 H 20 cluster (C 2V symmetry). The π-like orbitals with associated energies are shown in Figure 5 . The adsorption of PQ shows qualitative differences to acetylene and benzene. The HOMO (π 1 ) is predominantly a π orbital of PQ. Although there is some contribution from the π orbitals of the SidSi dimer, below this orbital are the π orbitals that are predominantly localized on the SidSi dimers. However, for this system the distinction is less clear since the π Si2 orbital does contain contributions from PQ. At lower energies are further π orbitals that are localized on the aromatic rings of PQ. The LUMO (π* Si1 ) and LUMO+1 (π* Si2 ) orbitals are clearly π* orbitals associated with the silicon dimers. At significantly higher energies are the π* orbitals of PQ, labeled π* 1 and π* 2 .
Computed excitation energies for PQ on Si 9 H 12 and Si 21 H 20 clusters are shown in Table 5 . For PQ on Si 9 H 12 , intermolecular excitations between surface and PQ are not observed. Molecular PQ ππ* excitations are predicted to occur at ∼4, ∼4.65, ∼5.25, and ∼5.55 eV. Further ππ* transitions from lower lying π orbitals will occur at higher energies. For calculations on the larger cluster, there are a number of low-lying excitations (1.5-3 eV) to the π* orbitals of the SidSi dimers, with intrasurface excitations at 1.8 and 2.2 eV. ππ* excitations within the aromatic ring are predicted to occur at 3.8, 4.5, and 4.6 eV. These are a little lower than the corresponding excitations of the Si 9 H 12 cluster. For the larger cluster, the higher lying ππ* states could not be computed due to the computational cost. These roots are not among the lowest 150 roots. To explore the higher lying excited states of the aromatic ring we impose a restriction on the size of the single excitation space. The occupied π of PQ orbitals are relatively high in energy and little computational advantage is gained from truncation within the occupied space. The PQ virtual π* orbitals are high in energy and, consequently, for this system it is beneficial to impose truncation within the virtual space. Excitation energies for the calculation in which only excitations to the π* orbitals shown in Figure 5 in addition to a further π* orbital of PQ are included. The resulting excitation energies are generally close to those from the full excitation space. This is quite surprising since this represents a severe restriction. However, for some transitions a significant error is introduced. The predicted excitation energies of the higher ππ* states are 5.16, 5.22, 5.31, and 5.61 eV. Through inspection of the molecular orbitals of PQ in the gas phase, corresponding excitations can be identified. These excitation energies are also shown in Table 5 . There is a large shift to lower energies on adsorption. Also shown are excitation energies of PQ computed at the structure of the adsorbed species. These excitation energies are closer to those obtained for PQ on the Si(100) clusters. This indicates that the shifts arise in part from structural changes that occur upon adsorption.
The calculations clearly indicate that there are ππ* excitations of the aromatic ring around 5.2 eV. However, the calculations cannot be related directly to RDS measurements since no prediction of the sign or magnitude of the RDS intensity is made. In this region of the spectrum are also a number of excitations from within the cluster to the π* orbitals of PQ. It is possible that these excitations will also contribute to the band at 5.2 eV.
Conclusions
The calculation of the excited states of molecules adsorbed on surfaces represents a severe challenge to theoretical chemistry. This study has shown how the excited states of organic molecules adsorbed on the Si(100) surface can be computed within a TDDFT formalism. Computation of the relatively high lying intraadsorbate excitations can be achieved by performing the TDDFT calculation within a subspace of the single excitations. This work has focused on excitations between the π-like orbitals. To minimize the error introduced by this truncation it is beneficial to include excitations from the occupied orbitals associated with the silicon atoms of the SidSi dimers, in addition to those of the adsorbed molecule. The resulting excitation energies will not be exact or represent "benchmark" calculations. Calculations of very high accuracy such as MRCI with large basis sets will not be possible for this type of system soon. However, the results are sufficient for a general picture of the excited states to be established.
For clean Si(100) the low-lying excitations correspond to electronic excitations between the π orbitals of the SidSi dimers. On an extended surface there will be a very large number of these excitations, which the calculations predict to lie in the range 0.4-2 eV for the triplet states and 1.1-2.25 eV for the singlet states. The triplet excitations are spin forbidden and so the corresponding intensities are zero. However, some of the singlet excitations do have significant oscillator strengths. For adsorbed acetylene and benzene, intrasurface, charge transfer, and intramolecule excitations can be identified. At low energies are the remaining excitations between the occupied and virtual orbitals of the silicon dimers. Above these excitations are surface f molecule and molecule f surface charge-transfer excitations. At higher energies are the intramolecule excitations between the remaining π orbitals of the adsorbed molecule. These excitations occur at lower energies than corresponding excitations of the molecule in the gas phase. For PQ adsorbed on Si(100), ππ* excitations of the aromatic ring of PQ are predicted to occur at 3.8, 4.5, 5.2, 5.3, and 5.6 eV. These are consistent with previous theoretical predictions. Despite the aromaticity of PQ remaining intact on adsorption, these excitation energies are shifted significantly from the gas-phase values. These shifts arise in part from changes in the structure that occur. While ππ* excitations are found at 5.2 eV, direct assignment of the peak in RDS measurements cannot be made. In this region of the spectrum excitations from the clusters to the π* orbitals of PQ are also observed, which may also contribute to the RDS spectrum in this region.
